This paper investigates the time-varying dynamics of global stock volatility, commodity prices, and domestic output and consumer prices. The main empirical findings of this paper are: (i) stock volatility and commodity price shocks impact each other and the economy in a gradual and endogenous adjustment process; (ii) the impact of a commodity price shock on global stock volatility is far greater during the global financial crisis than at other times; (iii) the effects of global stock volatility on US output are amplified by the endogenous commodity price responses; (iv) in the long run, shocks to commodity prices (stock market volatility) account for 11.9% (6.6%) and 25.1% (11.6%) of the variation in US output and consumer prices; (v) the effects of global stock volatility shocks on the economy are heterogeneous across nations and relatively larger in the developed countries.
Global Commodity Prices and Global Stock Volatility Shocks:
Effects across Countries 1. Introduction Chiarella et al. (2009) emphasize that financial market interaction with the real sector is the foundation of macroeconomic instability and is crucially important in influencing output and employment. Over the last twenty years we have witnessed extraordinary movement in global stock market volatility and in global commodity prices, particularly during the global financial crisis. Stock volatility and commodity price shocks can be expected to impact each other and to affect the macroeconomy. A growing literature has shown that higher global uncertainty reflected in stock market volatility and by other measures has been shown to depress economic activity (see for example: Sly (2016) and Kang et al (2016) ). The literature has also established links between commodity prices and the real economy and asset markets. Shocks to commodity prices raise global stock volatility and cause a drop in the output and sharp rise in consumer prices. Shocks to global stock volatility depress output and consumer and commodity prices. In this paper, we develop the hypothesis that the effects of global stock volatility on outputs are amplified by the endogenous commodity price responses.
The link between stock price returns and commodity prices are well stablished by the empirical litearture. Chiarella et al. (2016) show that stock return volatility is positively related with gold futures prices and negatively related with oil prices futures. Kilian and Park (2009) , documented that demand and supply global oil shocks jointly account for up to 22% of the variation in the US real stock returns. Kang et al. (2017) show that the US oil production have a positive effect on the US stock market and argue that both demand and supply oil shocks are important in explaining US real stock returns. Lee and Ni (2002) connect oil prices shocks with an increase in profits for the petroleum and chemicals industries, while a decrease in profit of the durable goods industries in the US. In examing the driving forces of international business cycles, Crucini et al. (2011) find a large common factor in oil prices, productivity, and the terms of trade.
In this paper we found that shocks to global stock volatility cause negative effects on US output and inflation and global commodity prices. Shocks to commodity prices raise global stock volatility and cause a drop in the output and sharp rise in consumer prices. The cumulative effects on output and consumer prices to global stock volatility and commodity shocks are largest during the period of the global financial crisis. The effects of shocks to global commodity prices on US output and consumer prices are found to be larger than the effects of shocks to global stock volatility. Stock volatility and commodity prices impact the economy in a gradual adjustment process and gives rise to strong endogenous propagation mechanism involving output and consumer prices. In the long run, shocks to commodity prices account for 11.9% and 25.1% of the variation of US industrial production and consumer prices, and shocks to global stock volatility account for 6.6% and 11.6% of the variation of US industrial production and consumer prices. Commodity price shocks forecast 32.5% of the variation of consumer prices at the 3-month horizon. Innovation to commodity prices predict 10.5% of the variation in the global stock volatility. The effect of global stock volatility and commodity price shocks have increased over time with greatest response during the global financial crisis. The impact of global stock volatility shocks are heterogeneous across economies and larger in the developed countries.
The remainder of the paper is orgazined as follows. Section 2 introduces the theory and presents the hypothesis development. Section 3 sets out the time-varying parameter SVAR model and explains the estimation methodology. Section 4 presents the data and discuss the impulse response analysis of the estimated model. Section 5 concludes. The data source and Markov chain Monte Carlo (MCMC) algorithm are presented in the Appendix A1.
The Theory and Hypothesis Development
The model proposed by Blanchard (1981) extends Keynesian IS-LM analysis to emphasize the interaction between asset values and output. The share price dynamics feeds back on the real output from the assumption that investment/consumption demand ( varies with Tobin's average rather than the real rate of interest. Blanchard (1981) assumes that there are three main determinants of aggregate spending ( : the stock market value ( , the income ( and the index of fiscal policy ( ; that is , where the coefficients and . Define the speed of output adjustment , the output adjusts to changes in spending according to
where ̇ denotes the time derivative of . The stock market adjusts to excess demand for
where is the speed of adjustment of the stock market to excess demand for stocks, denotes the instantaneous differetial between returns on shares and returns on short-term bonds with the coefficient . Here we define as the instantaneous expected change in the value of the stock market, and assume the existence of a long-run constant equity premium ̅ . We assume the formation of expectations about the expected change in the value of the stock market
where denotes the speed of revision of the expectations.
One key assumption in Blanchard's (1981) model is and , a definite law of motion for and . The dynamic law is temporarily switched off at the starting time when a shock occurs. However, Chiarella et al. (2009) argues that the reaction coefficient changes as a function of market conditions. 1 A gradual adjustment of stock prices and output instead of jumps to their stable path causes the endogenous propagation mechanisms and the fluctations of stock prices and outputs. This is based on the notion that agents become more cautions as they expect a change in the market regime when a larger return differential occurs. The agents initially react along with the movement in the stock market, but they react increasingly cautiously to the return differential as the economy is moving futher from its steady state.
In the above model, the short-term interest rate ̇ plays an indirect role that determines the Tobin's average on the stock market from the assumption of LM equilibrium in the asset market; that is ̇ , where the coefficients and , and the logarithms of nominal money and prices respectively. A summary of the dynamics of stock market, interest rate and output is for a given price level (see Chapter 2 in Chiarella et al. (2009) ).
1 The previous literature that argues includes Beja and Goldman (1980) and Damodaran (1993) .
Over recent years the literature on the relationship between commodity prices and the stock market activity has grown quite large (see Kilian and Park (2009) Policymakers pay attention to the commodity price shocks and their potential to feed inflation pressures (Creti et al. (2013) ). Positive oil-market specific demand shocks may lower real GDP and raise coonsumer prices (Kilian (2009) ). Oil supply and demand shocks cause a rise in the policy-related economic uncertainty (Kang (2017) ). We build on the above strands of literature to examine the following hypothesis:
Hypothesis: (i) A gradual adjustment of stock prices and output instead of jumps to their stable path causes the endogenous propagation mechanisms and the fluctations of stock prices and real output.
(ii) The effects of stock prices on the output are amplified by the endogenous commodity price responses, while shocks to commodity prices cause an increase in the global stock volatility and a decrease in the output.
The Empirical Model
Our empirical model consists of a structural vector autoregression model with time-varying parameters (TVP-SVAR). Although our study is focused on different variables, the specification of the reduced-form time-varying parameter SVAR follows closely that in Primiceri (2005) and Del Negro and Primiceri (2015) as follows: , In the analysis, where denotes the log of industrial production, refers to the log of commodity price index, stands for the log of consumer price index, represents the short-term interest rates, and is the global stock volatility. We take the lags to allow for the potentially long-delayed effects of stock volatility shocks on the economy and to mitigate the possible serial correlation issues. As the literature shows that the greatest effect of uncertainty on real activity is expected to occur with a delay of about one year (e.g., Hamilton (2008) and
The specification (4) allows us to investigate changes in the variance of the structural shocks in the global stock volatility/commodity prices over time and in the transmission of the global volatility/price shocks to real output over time. The global stock volatility captures the global systematic risk for securities listed in the world stock markets generated by a variety of sources across countries. It is expected to have potentially larger implication for the economic growth than do the idiosyncratic risk in individual nations. As the literature shows on the relationship between commodity prices and the stock market activity, we investigate how commodity price shocks and stock market volatilities are interrelated and influence the real economic activity based on the specification (4).
We assume that the reduced-form innovations are a linear transformation of the underlying structural shocks given by , 
,
, (8) where , and are white noise Gaussian processes with zero mean and constant covariance matrices , and respectively. We assume that the error terms , , and are independent and are mutually uncorrelated at all leads and lags. The limiting case of the system (4) - (8) is a constant coefficient VAR model by postulating , and being zeros.
The identification of the stock volatility shock is inspired by the strategy proposed by Chiarella et al. (2009) , while the ordering of endogenous variables follows that in Gali and Gambetti (2015) . We utilize Cholesky decomposition to orthogonalize the residuals and assume that stock prices respond instantaneously to all structural shocks in the system. We assume that the stock volatility shock does not affect industrial production, commodity prices, inflation and interest rates contemporaneously within a month. Short-term interest rates respond immediately to own shocks and shocks to industrial production, commodity prices and inflation, but only with at least one-month delay to innovations in stock prices. Shocks to commodity prices are assumed to cause inflation within a month. While own shocks and shocks to industrial production have simultaneous effects on the price level, the industrial production does not respond contemporaneously to innovations in the price level given the sluggishness of real activity.
To compute the impulse response functions, we rewrite Equation (4) as
where (6), (7) and (8) Carlo (MCMC) algorithm executed 22,000 times with the first 20,000 draws discarded as burn-in iterates. This Gibbs sampling algorithm follows closely that in Primiceri (2005) and Primiceri and Del Negro (2015) described in the Appendix.
Data and the Empirical Evidence
We obtain the monthly commodity price indices of energy, non-energy and precious metals from the Pink Sheet of World Bank Commodity Price Data. 2 The energy index covers coal, crude oil and natural gas prices, the non-energy commodity price index includes metals, agriculture, and fertilizer prices, and the precious metal index contains gold, silver, and platinum prices. To construct the global commodity price index, we take the simple average of energy, non-energy and precious metal indices as equal weights are routinely used in the construction of commodity price index (Kilian (2009) that is , where is calculated such that it accounts for the greatest possible variance in the data set. The weights are the elements of an eigenvector with unit length and standardized by the unity restriction of . The construction of global stock volatility index closely follows that in Kang et al. (2016) , whereas data definition, source and period availability of stock market index, industrial production, and the consumer price index for each country are reported in the Appendix.
The largest 15 economies are measured based on the 2013 gross domestic product (based on purchase power parity). Note that this first principal component accounts for around 40% of the data variation. 4 Because of data limitation we exclude Indonesia, Iran, Thailand, Nigeria and Poland from the G20 economies. 5 Note that data on the stock market is not available for all countries from 1981. The index is constructed with data on the countries for which data are available. A shortcoming of this approach is that for the earlier period, missing data is more apparent for developing countries. Nevertheless, we argue that this is not necessarily a problem, given that in the first part of the sample (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) the relative weight of
Responses of US variables to global stock volatility shocks
In this subsection, we report the cumulative impulse response of the US variables to global stock volatility shocks generated by our estimated SVAR models both with constant and time-varying parameters. The cumulative responses present the dynamic effects of the differenced variables of industrial production, commodity price index and consumer price index in terms of their levels.
Constant parameters
We are first focused on the estimated responses of industrial production, The responses of commodity price index are mostly statistically significantly negative within a year. The decline in commodity prices to a shock to uncertainty is very marked in the first year and then gradually erodes. A shock to global stock volatility causes the consumer price index to be lower and the effect is statistically significant from the first month. This result suggests that a one-time shock to the global volatility has a significantly negative long-run effect on the consumer price level. The response in the US developed economies in the global economy is more important than in the more recent period (following China's unprecedented growth starting in mid-1990s). The availability of stock market data for each country is reported in the Appendix.
short-term interest rate to an unexpected rise in global stock volatility is statistically significant and negative in the window between the 3 rd and 12 th months.
The percent contributions of one-standard deviation structural shocks to the overall variability of the endogenous variables are presented in Table 1 . The forecast error variance decomposition is shown at 1, 3, 12, 24 and 60 horizons. The values in parentheses represent the absolute t-statistics based on 2000 bootstrap samples. In the long run, shocks to global stock volatility contribute to 6.6%, 10.5% and 11.6% of the variation of US industrial production, commodity prices and the US consumer price index respectively, and are statistically significant at the 5% level (at the 60 month horizon as shown in the last column of Table 1 ).
Time-varying parameters
We now turn to results of the SVAR model with time-varying coefficients. The response of US industrial production to a unit shock to global uncertainty, indicated by a global stock volatility shock, is greatest at the time of the global financial crisis, with most of the negative effect occurring after 12 months and that then persists for 60 months.
The effect of global stock volatility shocks on US industrial production at the 12 and 60 month horizons increased over time up until the global financial crisis. The response of US CPI to the global stock volatility shock shows most of the negative effect occurring after 3 months which then persists for 60 months. The effect of unit global stock volatility shocks on US CPI at the 3-month horizon increased until the global financial crisis period.
The largest effect of the global volatility on the interest rate has a delay of about 5 years. The response of commodity prices to the global stock volatility shock occurs after three months and increases over time up until the global financial crisis. The divergence between the effect of a shock to global stock volatility to commodity prices at the 3 month and 60 month horizons has increased over time. The implication is that in the last half of the sample, the decline in commodity prices in the first three months following a shock to global stock volatility is greater and then erodes more in subsequent months than in the first half of the sample.
In summary, shocks to the global stock volatility cause a negative effect on US production, inflation and interest rate, and on commodity prices These results provide us with supporting evidence that the stock market impacts the economy in a gradual adjustment process, which in turn gives rise to strong endogenous propagation mechanism and fluctuations of both stock prices and the output (Chiarella et al, 2009 ). We find that the relationship between the stock market dynamics and the US macroeconomy appear to be changing over time. The changing responses of production and inflation to the global stock volatility shocks show stronger effects during the global financial crisis.
Responses of US variables to commodity price shocks
In this subsection, we report the cumulative impulse responses to commodity price shocks generated by models with constant and time-varying parameters. Results for the constant parameter model are shown in the diagrams in Column 2 of Figure 1 . An unanticipated positive innovation in commodity prices is associated with a negative effect on US industrial production that is statistically significant after 6 months. The effect is persistent and remains statistically significant through the horizon of 60 months. A positive shock to commodity prices initiates a rise in the consumer price index immediately and the statistically significantly effect continues over the 60-month forecasting horizon. The findings that a shock to commodity prices has persistent and statistically significant effects on US production and prices are striking. In contrast, an innovation in commodity prices does not have a statistically significant effect on the short-term interest.
The impact of an unanticipated rise in commodity prices on global stock volatility are shown in the last row and second column of Figure 1 . The positive response in global stock volatility is statistically significant starting in the 6 th month and persists over the 60 months forecasting horizon. Shocks to commodity prices clearly impact and increase global stock market volatility.
The forecast error variance decomposition results in Table 1 , suggest that in the long run, shocks to commodity prices account for 11.9%, 25.1% and 5.7% of the variation of industrial production, consumer price index and the global stock volatility.
Commodity price shocks forecast 32.5% of the variation consumer prices at the 3-month horizon. These effects are statistically significant in Table 1 . 
Heterogeneous impact of global stock volatility/commodity price shocks on the economy across countries
In this subsection, we investigate the heterogeneous impact on the output and price level, of the global stock volatility/commodity price shocks, for major countries including four developing countries (Brazil, China, India, Russia) and twelve developed countries (Australia, Canada, France, Germany, Ireland, Italy, Japan, Korea, Netherland, Spain, UK, US). Table 2 reports the percent contributions of structural shocks to commodity prices/global stock volatility to the output and price levels across countries, based on the structural VAR model with constant coefficients and 2000 bootstrap samples. 6 In the long run, the forecast error variance decomposition shows that shocks to commodity prices account for a statistically significant variation in industrial production at the 5% level in 9 countries: Australia, Brazil, France, India, Italy, Japan, Korea, Russia and the UK. This shock also explains a statistically significant variation in the consumer price index in 10 countries: Canada, France, Germany, India, Ireland, Italy, Korea, Netherland, Spain, and 6 The forecast at the 1 st month is around zero across countries and is omitted for the exposition purpose.
the UK. 7 Shocks to global stock volatility account for a statistically significant variation in industrial production at the 5% level in 4 countries: Brazil, Italy, Korea, and Russia.
This shock explains the variation of consumer price index for France, India, Ireland significantly in the long run.
In terms of magnitude, shocks to commodity prices account for 13.5% of the variation in industrial production in India and 14.1% of the variation in consumer price index in France respectively. The cumulative response of output and price levels to the commodity price shocks in India and France at the 12 th month in Figure 3 
Conclusion
Building on the insightful empirical work of Chiarella et al. (2009) Step 2 
Step 3. Drawing the covariance elements
The reduced-form VAR model (1) 
Finally, we run the MCMC algorithm from
Step 1 to Step 6 executed 22,000 times, with the first 20,000 draws discarded as burn-in iterates. Percent contributions of one-standard deviation structural shocks of commodity prices to the overall variability of the endogeneous variables. The forecast error variance decomposition is based on the structural VAR model described in the text. The values in parentheses represent the absolute t-statistics based on 2000 bootstrap samples. The forecast at the first month is around zero and is omitted for the exposition purpose. 
